Significance StatementCardiac‐derived progenitor cells (CPCs) have been widely studied as a cell‐based therapy for cardiac pathologies; however, unless these cells are extracted at a very young age, their therapeutic efficacy is diminished. Finding novel ways to enhance the reparative potential of these cells is thus of critical significance. It is shown that electrical stimulation of pediatric CPCs can induce them to have a beneficial effect on failing heart function. These findings present a method for enhancing the reparative ability of CPCs and also provide insights into the mechanism of enhanced function that can be translated to other cell‐based therapies.

Introduction {#stem3088-sec-0003}
============

Nearly 1% of babies born in the U.S. will be diagnosed with a congenital heart defect (CHD). CHDs are the most common birth defect and are the number one cause of death from birth defects during the first year of life [1](#stem3088-bib-0001){ref-type="ref"}. CHDs are the leading cause of right ventricular heart failure (RVHF) in the pediatric population, especially in patients with defects like pulmonary stenosis, Hypoplastic Left Heart Syndrome and Tetrology of Fallot [2](#stem3088-bib-0002){ref-type="ref"}. There is much evidence on the differences between the right and left ventricle in both structure, function, and pathologies [3](#stem3088-bib-0003){ref-type="ref"}, [4](#stem3088-bib-0004){ref-type="ref"}. Undoubtedly, these differences have consequences for the evaluation and treatment strategy for patients with predominantly right, left, or biventricular HF [5](#stem3088-bib-0005){ref-type="ref"}, and generalizing heart failure treatments and attempting to extrapolate data and experience from LV failure to RV failure are futile. Current therapeutics for RV failure including pharmacological agents, further surgical or mechanical interventions, and eventually heart transplantation at the end stage of HF make the clinical management of patients with RV failure both costly and challenging [5](#stem3088-bib-0005){ref-type="ref"}.

The recent emergence of stem cell‐based myocardial repair for the treatment of HF has provided an alternative approach [6](#stem3088-bib-0006){ref-type="ref"}. One such cell, known as CPCs, is an excellent choice for cell‐based therapies for children because they can be easily isolated, exponentially expanded ex vivo while maintaining their stemness, and provides an excellent autologous and allogeneic therapeutic tool for treating various heart diseases. However, we have shown in a recent publication that CPCs lose their therapeutic functionality as they age. Unless these cells are extracted at a very young age (\<1 year), the therapeutic efficacy of CPCs is diminished [7](#stem3088-bib-0007){ref-type="ref"}. Finding novel ways to enhance the reparative potential of these cells would overcome this critical barrier to stem cell therapy, allow for both autologous and allogeneic treatment options in children and adults, and could be extended to other stem cell types [8](#stem3088-bib-0008){ref-type="ref"}, [9](#stem3088-bib-0009){ref-type="ref"}, [10](#stem3088-bib-0010){ref-type="ref"}, [11](#stem3088-bib-0011){ref-type="ref"}, [12](#stem3088-bib-0012){ref-type="ref"}.

Several laboratories have demonstrated the feasibility and utility of ex vivo manipulation of adult stem cells modified by genetic engineering [13](#stem3088-bib-0013){ref-type="ref"}, [14](#stem3088-bib-0014){ref-type="ref"}, [15](#stem3088-bib-0015){ref-type="ref"}, [16](#stem3088-bib-0016){ref-type="ref"}, [17](#stem3088-bib-0017){ref-type="ref"} or exposure to environmental, chemical, and biological treatments prior to delivery [13](#stem3088-bib-0013){ref-type="ref"}, [18](#stem3088-bib-0018){ref-type="ref"}, [19](#stem3088-bib-0019){ref-type="ref"}, [20](#stem3088-bib-0020){ref-type="ref"}, [21](#stem3088-bib-0021){ref-type="ref"}. The idea behind these strategies is to isolate a patient\'s CPCs and expand and modify them to create a more reparative phenotype. Electrical stimulation (ES) is one treatment that has been shown to induce differentiation, enhance survival, and promote function of cardiac stem cells isolated from animals; however, the effect of ES on human CPCs (adult or pediatric) has yet to be examined [22](#stem3088-bib-0022){ref-type="ref"}, [23](#stem3088-bib-0023){ref-type="ref"}, [24](#stem3088-bib-0024){ref-type="ref"}, [25](#stem3088-bib-0025){ref-type="ref"}, [26](#stem3088-bib-0026){ref-type="ref"}.

Our previously published data show that pediatric CPCs (isolated from patients between 1 and 5 years of age) respond to ES by initiating calcium (Ca^2+^) oscillations making them an ideal population of cells for manipulation by ex vivo ES [27](#stem3088-bib-0027){ref-type="ref"}. Therefore, we sought to investigate the ability of ES to modulate the therapeutic efficacy of CPCs in an animal model of juvenile RVHF. Here, we show that ES improves CPC function, retention, and survival. We found that upregulation of integrins β1 and β5 contribute to the increased in vivo retention of ES‐CPCs. We also present an insight into the mechanism of CPC modification that has implications on a variety of stem cells and stem cell therapies.

Materials and Methods {#stem3088-sec-0004}
=====================

Human Sample Acquisition and Isolation of Human CPCs {#stem3088-sec-0005}
----------------------------------------------------

This study was approved by the Institutional Review Board at Children\'s Healthcare of Atlanta and Emory University. Approximately 100 mg of right atrial appendage tissue was obtained from children undergoing reconstructive surgeries. Child CPCs are categorized as being isolated from patients aged 12 months to 5 years. Neonatal CPCs were also used in some experiments and are categorized as being isolated from patients aged 1 week to 1 month. CPCs were isolated within 4 hours of sample acquisition as previously described [28](#stem3088-bib-0028){ref-type="ref"}. Atrial tissue was transported to the laboratory in Krebs‐Ringer solution containing 35 mM NaCl, 4.75 mM KCl, 1.2 mM KH2PO4, 16 mM Na2HPO4, 134 mM sucrose, 25 mM NaHCO3, 10 mM glucose, 10 mM HEPES, and 30 mM 2,3‐butanedione monoxime, pH = 7.4 with NaOH.

CPC Culture and Electrical Stimulation {#stem3088-sec-0006}
--------------------------------------

CPCs were maintained in culture in Ham\'s F12 medium supplemented with 10% of fetal bovine serum (FBS), 100 U/ml of penicillin/streptomycin, 2 mmol/l of [l]{.smallcaps}‐glutamine, and 0.01 μg/ml of basic fibroblast growth factor (bFGF). For ES of CPCs, cells were seeded onto 6‐well dishes at ∼1,000,000 cells per well in calcium‐supplemented media (CPC culture media plus 2 mmol/l CaCl~2~). A C‐dish electrode array in conjunction with C‐Pace Electrical Stimulation System (Ion Optix) was used to apply chronic electrical pulses to the cells at 1 Hz frequency, 10 ms duration, and 10 V amplitude for 7 or 14 days. Media was replaced every 24--48 hours. Control CPCs were cultured in calcium supplemented media for 7 days.

Flow Cytometry Analysis {#stem3088-sec-0007}
-----------------------

CPCs were passaged 3--5 times, fixed with 2% paraformaldehyde, and stained for c‐kit (H‐300; Santa Cruz Biotechnology, Dallas TX), GATA‐4 (9,053; Santa Cruz Biotechnology), and Nkx‐2.5 (14,033; Santa Cruz Biotechnology), Notch1 (ab8925, Abcam, Cambridge, UK), Sca‐1 (ab51317, Abcam), CD31 (sc‐28,188, Santa Cruz Biotechnology), or CD34 (7,324; Santa Cruz Biotechnology). Pooled patient cell lines were used, and the data were analyzed using Flow Jo V10 software. Cells were also analyzed before after ES with Ki‐67 antibody (sc‐23,900, Santa Cruz Biotechnology) and Calcein AM and Ethidium homodimer‐1 for live/dead quantification in addition to microscopy.

Intracellular Calcium Measurements {#stem3088-sec-0008}
----------------------------------

Prior to experiments, cells were plated on glass coverslips and allowed to attach overnight at 37°C. Cells were loaded with 10 μMfluo‐4/AM for 20 minutes followed by a 20‐minute wash in Tyrode\'s solution for de‐esterification of the dye. Electrical field stimulation was applied using an IonOptix MyoPacer Cell Stimulator (10 ms duration, 32 V) and fluo‐4 was excited at 488 nm and emission collected at 515 ± 15 nm using laser scanning confocal microscopy (FV1000). Calcium oscillation measurements were acquired from CPCs during 0.5 or 1 Hz stimulation bathed in Tyrode\'s solution, which contained (in mM) 130 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10D‐glucose, and 10 Hepes, pH 7.4 with NaOH. All experiments were performed at room temperature (20°C--24°C). Data were analyzed using Olympus FV1000 FluoView software and Fiji.

Rat Pulmonary Artery Banding Model {#stem3088-sec-0009}
----------------------------------

All animal experiments were performed with the approval of the Institutional Animal Care and Use Committee of Emory University. Male adolescent (6 weeks old) athymic rats (Crl:NIH‐*Foxn1* ^*rnu*^) (∼150 g) were obtained from Charles River Laboratories (Wilmington, MA). All rats exhibited normal RV function on echocardiography at the time of pulmonary artery banding (PAB) surgery (7--8 weeks old). Rats were anesthetized with 2% isoflurane, USP (Piramal Healthcare, Boston, MA), and a limited left thoracotomy was performed to expose the pulmonary artery (PA). The PA was dissected from the aorta and partially ligated over an 18‐gauge angiocatheter. The sizer was then promptly removed to allow for antegrade flow through the banded area, and thoracotomy performed was closed under positive pressure ventilation to evacuate pleural air. Sham animals underwent the same procedure without banding the PA. All animals were assigned an animal study number. Animals were randomly assigned to treatment groups using simple randomization with computer‐generated random numbers. Once a treatment group reached capacity, that treatment group was removed from the randomization scheme. There were no significant differences in animal weights between treatment groups. All researchers performing echo‐guided injections, echocardiograms, whole‐animal in vivo imaging, histological analyses, or data analyses were blinded to the treatments. The study was unblinded after the collection and analyses of all data.

Cell Labeling, Delivery, and In Vivo Imaging {#stem3088-sec-0010}
--------------------------------------------

Control and ES‐CPCs were harvested in phosphate‐buffered saline (PBS) containing 5 mM EDTA and labeled with DiR (Thermo Fisher Scientific Life Sciences, Waltham, MA) per manufacturer\'s protocol, which fluoresces at near‐infrared wavelengths. A total of 500,000 DiR‐labeled cells were resuspended in 50 μl of saline and injected under echocardiographic guidance into the RV free wall using a 27‐gauge BD Insulin Syringe with 12.7 mm BD Micro‐Fine short bevel needle mounted on a stereotactic frame (BD Medical Technology). Successful delivery of CPCs into the rat myocardium was confirmed by echocardiography. The rats were imaged on days 0, 3, 7, 14, 21, 28, 35, and 42 using an IVIS Spectrum in vivo imager (Perkin Elmer, Waltham, MA). DiR fluorescence in the rat heart was measured as radiant efficiency and compared between rats as percentage retention (100% on day 0) over time.

Echocardiography {#stem3088-sec-0011}
----------------

Transthoracic echocardiography was performed using a Vevo 2100 digital high‐frequency ultrasound system (FujiFilm Visualsonics, Toronto, ON, Canada) equipped with a probe (MS250) suited for rat imaging. Tricuspid annular plane systolic excursion (TAPSE) was measured in the apical four‐chamber view in M‐mode. RV end diastolic and end systolic two‐dimensional areas were measured in the apical four‐chamber view in B‐mode and RV fractional area change was calculated as $\frac{\mathit{end}\ \textit{diastolic\ area} - \mathit{end}\ \textit{systolic\ area}}{\mathit{end}\ \textit{diastolic\ area}}$. RV end diastolic diameter (RVEDD) was measured from the interventricular septum to the RV free wall in the apical four‐chamber view in B‐mode. RV wall thickness was measured in the two‐dimensional short‐axis view in M‐mode.

Fibrosis Analysis {#stem3088-sec-0012}
-----------------

Picrosirius staining was performed for collagen assessment. Briefly, heart tissue sections were washed in 1× PBS to remove optimal cutting temperature (OCT) medium followed by incubation with Picrosirius solution (1 g/l Sirius red F3B in saturated picric acid solution). The sections were washed with dilute acetic acid followed by ethanol and mounted with Cytoseal (Thermo Fisher Scientific Life Sciences). Images were taken using a Hamamatsu NanoZoomer S210 slide scanner (Hamamatsu Photonics, Hamamatsu City, Japan). Fibrotic area was quantified using ImageJ with Threshold Color plugin (G. Landini software, <http://www.mecourse.com/landinig/software/software.html>), and percentage fibrosis was calculated as $\frac{\textit{fibrotic\ area\ in}\ \mathit{RV}}{\textit{total\ area\ of}\ \mathit{RV}}$.

Immunostaining {#stem3088-sec-0013}
--------------

Rats were sacrificed at day 42 after cell injections. Hearts were harvested en bloc fixed in 10% neutral buffered formalin for 4 hours, cryoprotected in 30% sucrose overnight, and embedded in OCT medium. Immunostaining was performed per protocol. In brief, 5‐μm‐thick tissue sections were prepared starting at the heart apex using a Cryotome FSE Cryostat (Thermo Fisher Scientific Life Sciences). Tissue sections were cleared of OCT medium by washing in 1× PBS and then blocked with 3% bovine serum albumin containing 0.02% sodium azide and 0.1% Triton X‐100. Tissue sections were incubated with Alexa Fluor‐conjugated primary antibodies overnight at 4°C. Conjugated antibodies used were human‐specific Ku86 conjugated to Alexa Fluor 647 (sc‐5280; Santa Cruz Biotechnology) and PECAM1 conjugated to Alexa Fluor 568 (sc‐376764; Santa Cruz Biotechnology). All experiments performed included sections from control hearts incubated with the above‐conjugated antibodies. All sections were mounted with Vectashield antifade mounting medium with DAPI (Vector Laboratories) before imaging with an Olympus IX81 FluoView FV1000 confocal microscope. Ki‐67 antibody (sc‐23900; Santa Cruz Biotechnology) was used along with AF‐488 secondary antibody to stain CPCs fixed in 4% paraformaldehyde (See Supporting Information [Fig. S1](#stem3088-supitem-0001){ref-type="supplementary-material"}).

Quantitative Real‐Time PCR {#stem3088-sec-0014}
--------------------------

Total RNA was extracted from cell homogenates using TRIzol reagent (Invitrogen, Carlsbad, CA) per manufacturer\'s protocol, followed by DNase I treatment and first‐strand cDNA synthesis with M‐MLV reverse transcriptase (Invitrogen) primed by random hexamers and oligo(dT)18. Real‐time PCR was then performed on the StepOne Plus System (Applied Biosystems, Foster City, CA) based on SYBR Green fluorescence detection of PCR products. Primer sequences are listed in Table [1](#stem3088-tbl-0001){ref-type="table"}.

###### 

Quantitative real‐time polymerase chain reaction primer sequences

  Gene Name                  Forward                               Reverse
  -------------------------- ------------------------------------- --------------------------------------
  *HAS1*                     CAT AGG AGG CAG TTT AGC GTA G         CCC AAG GTC ACT CAG GTA ATA AG
  *MMP14*                    GCT GAG AGA AGG ATG GGA ATA G         GCG CCT GGT ATG TGG TAT TA
  *THBS3*                    TGG GAC CCT TGT GAT GAA TG            CTA TGG TGG GTC TCC TCA GAT A
  *COL14A1*                  GGC CTT CCT TTC CTC TTA TCT G         CTT TCT CTC TCC CTC TCC TTC T
  *ITGB5*                    CCT GGC CTG CTT CTC ATT TA            GGA GAG CCT TCA CAC AAG ATA G
  *ITGB1*                    TGA TCC TGT GTC CCA TTG TAA G         TGA CCT CGT TGT TCC CAT TC
  *ACTA‐2*                   AAT ACT CTG TCT GGA TCG GTG GCT       ACG AGT CAG AGC TTT GGC TAG GAA
  *vWF*                      TGT CTG GCT GAG GGA GGT AA            GTA CAT GGC TTT GCT GGC AC
  *veCAD*                    TTT CCA GCA GCC TTT CTA CCA           GGA AGA ACT GGC CCT TGT CA
  *Flt‐1*                    GAC TAG ATA GCG TCA CCA GCA G         GAA ACC GTC AGA ATC CTC CTC
  *WT‐1 (Wilm\'s Tumor 1)*   GCA TCT GAG ACC AGT GAG AAA           TCC TGC TGT GCA TCT GTA AG
  *CD31*                     TCT ATG ACC TCG CCC TCC ACA AA        GAA CGG TGT CTT CAG GTT GTT ATT T CA
  *CD44*                     GCA GGT ATG GGT TCA TAG AAG G         GGT GTT GGA TGT GAG GAT GT
  *CD105*                    GCA GGT GTC AGC AAG TAT GA            GAA AGA GAG GCT GTC CAT GTT
  *E‐Cadherin*               GTC ATT GAG CCT GGC AAT TTA G         GTT GAG ACT CCT CCA TTC CTT C
  *GATA4*                    GGA GAT GCG TCC CAT CAA GAC           GGA GAC GCA TAG CCT TGT GG
  *NKX2.5*                   ACC CTG AGT CCC CTG GAT TT            TCA CTC ATT GCA CGC TGC AT
  *MEF2C*                    TAA CTT CTT TTC ACT GTT GTG CTC CTT   GCC GCT TTT GGC AAA TGT T
  *Cav1.2*                   GGC AGA GTG GTA GGT GAT AAA G         CCA TAA ATG ACT GCA AGC ATC G
  *IP3R1*                    AGT GAG AAA TGG GCT GGT AAA GT        CTT ATC CCA GAC CAA GAA TCG G
  *SERCA2a*                  TAG AGA TGA GGG TCT CGC TAT G         TTA TAG GCA TGA GCC ACT GTT C
  *GAPDH*                    GTG GAC CTG ACC TGC CGT CT            GGA GGA GTG GGT GTC GCT GT

The sequence of the forward and reverse primers used in the study are listed above. Primers were created using Integrated DNA Technology Primer Quest online tool against human gene sequences.

Profiling of Extracellular Matrix and Adhesion Molecules {#stem3088-sec-0015}
--------------------------------------------------------

Extracellular Matrix and Adhesion Molecules RT2 Profiler real‐time PCR‐based 84 gene array (Qiagen, Hilden, Germany, PAHS‐013Z) was used for profiling extracellular matrix and adhesion molecules. The data obtained were confirmed by qRT‐PCR for Has1, Mmp9, Col14A1, Thbs3, and Itgb5 using specific primers (Integrated DNA Technologies, Coralville, IA).

Integrin Expression Analysis {#stem3088-sec-0016}
----------------------------

Protein expression was measured using colorimetric α/β integrin‐mediated cell adhesion array (EMD Millipore, Burlington, MA, ECM532), following the manufacturer\'s protocol. Briefly, cells were dislodged from tissue culture flasks using PBS + 5 mM EDTA and integrin surface expression measured using ELISA array plates read using a plate reader (Biotek Synergy2, Winooski, VT).

Lentiviral shRNA Transduction {#stem3088-sec-0017}
-----------------------------

Long‐term and specific β1 or β5 integrin expression inhibition was produced by transducing CPCs with β1‐ or β5‐shRNA (Santa Cruz Biotechnology, Dallas, TX) per manufacturer\'s protocol. CPCs underwent transduction and selection before ES.

Live‐Dead Assay {#stem3088-sec-0018}
---------------

CPCs were incubated with 2 μg/ml of Calcein AM and 4 μg/ml of Ethidium homodimer‐1 (Thermo Fisher Scientific Life Sciences) per manufacturer\'s protocol. CPCs were imaged in solution using an Olympus IX81 FluoView FV1000 confocal microscope. Fluorescence images were obtained from randomly selected microscopic fields at 10× magnification. Percentage of live cells was quantified using ImageJ (Fiji).

Cell Adhesion Analysis {#stem3088-sec-0019}
----------------------

Cell adhesion assay was performed using CytoSelect 48‐well cell adhesion assay ECM array (Cell Biolabs, San Diego, CA) per manufacturer\'s instruction. Briefly, CPCs were subjected to 7‐day ES as described above or cultured in calcium supplemented media (control). Subsequently, cells received no treatment, passage through a 27‐gauge needle, or were exposed to 300 μM H~2~O~2~ for 5 hours. After washing with PBS, lysis buffer/cytoquant GR dye reagent (Molecular Probes, OR) was applied to the cells for 20 minutes. Fluorescence intensity was measured using a plate reader with excitation set at 485 nm and emission detection at 530 nm.

Luminex Multiplex Immunoassay {#stem3088-sec-0020}
-----------------------------

CPC conditioned media was produced by culturing 60%--80% confluent control or ES‐CPCs in media devoid of FBS and bFGF for 12 hours. The levels of specific secreted factors in CPC conditioned media were determined using a custom Luminex multiplex immunoassay to quantify the concentrations of angiogenin, bFGF, matrix metalloproteinase‐9 (MMP‐9), vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and interleukin 2 (IL‐2). Data were normalized to total protein concentration as determined by BCA assay.

Statistical Analysis {#stem3088-sec-0021}
--------------------

Data are presented as mean ± SD unless otherwise noted in the legend. Statistical analysis was performed using Student\'s *t* test or analysis of variance.

Results {#stem3088-sec-0022}
=======

ES‐CPC Characterization {#stem3088-sec-0023}
-----------------------

Populations of cells were isolated and expanded from right atrial appendage tissue from child donors (aged 12 months to 5 years) by c‐kit^+^ magnetic bead sorting. Prior characterization by flow cytometry showed these cells to be \>95% positive for c‐kit, Nkx2.5, and Gata4 (see Supporting Information [Fig. S1A](#stem3088-supitem-0001){ref-type="supplementary-material"} and Ref. [7](#stem3088-bib-0007){ref-type="ref"}), and RT‐PCR showed expression of multiple genes associated with an endothelial lineage (Supporting Information [Fig. 1B](#stem3088-supitem-0001){ref-type="supplementary-material"}) as recently reported [29](#stem3088-bib-0029){ref-type="ref"}. CPCs were cultured in calcium supplemented media in the presence of ES (1 Hz, 10 mV, 10 ms). Electrically stimulated CPCs (ES‐CPCs) were harvested and characterized. We have previously reported that ES of CPCs at these parameters initiates intracellular calcium oscillations in these cells [27](#stem3088-bib-0027){ref-type="ref"} and causes Ca^2+^‐dependent changes in gene expression (Supporting Information [Fig. 1C](#stem3088-supitem-0001){ref-type="supplementary-material"}). In the prior study, we found 1 Hz to produce the maximal changes in intracellular Ca^2+^, while having no negative effects on cell survival [27](#stem3088-bib-0027){ref-type="ref"}. It was shown recently that CPCs lose their therapeutic functionality as they age. Unless these cells are extracted at a very young age (\<1 year), the therapeutic efficacy of CPCs is diminished [7](#stem3088-bib-0007){ref-type="ref"}. Finding novel ways to enhance the reparative potential of these cells would overcome this critical barrier to stem cell therapy, allow for both autologous and allogeneic treatment options in children and adults, and could be extended to other stem cell types [8](#stem3088-bib-0008){ref-type="ref"}, [9](#stem3088-bib-0009){ref-type="ref"}, [10](#stem3088-bib-0010){ref-type="ref"}, [11](#stem3088-bib-0011){ref-type="ref"}, [12](#stem3088-bib-0012){ref-type="ref"}. Based on previous work in other types of stem cells [22](#stem3088-bib-0022){ref-type="ref"}, [23](#stem3088-bib-0023){ref-type="ref"}, [24](#stem3088-bib-0024){ref-type="ref"}, [25](#stem3088-bib-0025){ref-type="ref"}, [26](#stem3088-bib-0026){ref-type="ref"}, we hypothesized that these Ca^2+^ oscillations could induce changes in gene expression that would improve the therapeutic efficacy of these cells. We first examined the effect of ES on CPC proliferation using antibodies directed against the cell cycle protein Ki‐67. Supporting Information Figure [S2](#stem3088-supitem-0002){ref-type="supplementary-material"} shows Ki‐67 staining‐consistent with a progressive exit from the cell cycle after ES. This is a critical aspect of cell therapy, as implantation of proliferating cells could lead to teratoma formation [30](#stem3088-bib-0030){ref-type="ref"}, [31](#stem3088-bib-0031){ref-type="ref"}. We next examined whether ES induced the maturation of calcium oscillations toward Ca^2+^ transients seen in adult cardiac myocytes. In our previous publication, we show that ES induces a rapid rise in cytosolic Ca^2+^ followed by frequency independent cytosolic (and nuclear) Ca^2+^ oscillations [27](#stem3088-bib-0027){ref-type="ref"}. Chronic ES did not induce maturation of calcium oscillation toward those seen in adult cardiac myocytes with 7‐ and 14‐day Ca^2+^ oscillations not becoming frequency dependent and being nearly indistinguishable from those seen in acutely stimulated CPCs (Supporting Information Fig. [S3](#stem3088-supitem-0003){ref-type="supplementary-material"} and Ref. [27](#stem3088-bib-0027){ref-type="ref"}).

ES‐CPCs Improve RV Function and Structure in PAB Rats {#stem3088-sec-0024}
-----------------------------------------------------

To test whether ES induces increases in the therapeutic efficacy of CPCs, we injected 7‐ and 14‐day ES‐CPCs into the right ventricular free wall of juvenile rats that had undergone PAB surgery. We and others have shown PAB rapidly induces hypertrophy and failure of the RV in rats, with RV functional parameters significantly reduced 2 weeks post‐banding [7](#stem3088-bib-0007){ref-type="ref"}, [32](#stem3088-bib-0032){ref-type="ref"}, [33](#stem3088-bib-0033){ref-type="ref"}, [34](#stem3088-bib-0034){ref-type="ref"}. Cells were injected 2 weeks post‐banding, and echocardiography was performed biweekly for 6 weeks. Rats receiving either 7‐ or 14‐day ES‐CPCs showed significant improvement in critical RV functional and structural parameters over animal injected with saline or unmodified CPCs. As shown in Figure [1](#stem3088-fig-0001){ref-type="fig"}A, TAPSE was significantly increased in PAB animals receiving ES‐CPCs 2 weeks post‐injection compared with animals receiving saline or unmodified CPCs. We also observed significant decreases in right ventricular ejection time (Fig. [1](#stem3088-fig-0001){ref-type="fig"}B), right ventricular wall thickness (Fig. [1](#stem3088-fig-0001){ref-type="fig"}C), and RVEDD (Fig. [1](#stem3088-fig-0001){ref-type="fig"}E) in animals receiving 7‐ or 14‐day ES‐CPCs when compared with animals receiving saline or control CPCs. Additionally, animals receiving 7‐ or 14‐day ES‐CPCs showed significantly increased right ventricular fractional area of contraction (Fig. [1](#stem3088-fig-0001){ref-type="fig"}D) when compared with animals receiving saline or control CPCs. We also quantified RV fibrotic area in hearts from PAB and sham rats with or without CPC injections. Rat hearts sections from animals injected with either 7‐ or 14‐day ES‐CPCs showed significantly less right ventricular free wall fibrotic area than animals receiving saline or control CPCs (Fig. [1](#stem3088-fig-0001){ref-type="fig"}E and F). We did not observe significant differences in the number of apoptotic cells as quantified by TUNEL staining at 42 days between sham, saline, control CPCs, and ES‐CPC‐treated hearts (Supporting Information [Fig. S4](#stem3088-supitem-0004){ref-type="supplementary-material"}).

![ES‐CPCs significantly improve RV function in PAB rats. **(A):** Summary time course data of tricuspid annular plane systolic excursion (TAPSE) measurements in sham and PAB rats with injection of CPCs. Summary graphs of **(B)** right ventricle ejection time (RVET), **(C)** right ventricle wall thickness (RVWT), **(D)** right ventricle fractional area change (RVFAC), and **(E)** right ventricle end diastolic diameter (RVEDD) measured at day 42. *n* = 5 (sham), *n* = 5 (saline), *n* = 9 (control CPCs), *n* = 9 (7‐day), *n* = 7 (14‐day) for **(A)--(E)**. **(F):** Representative images of picrosirius red‐stained fibrosis in rat heart sections. Dashed line indicates the areas used to quantify right ventricular free wall fibrosis. **(G):** Summary graph of fibrosis quantification in rat heart sections at day 42. *n* = 5 (sham), *n* = 5 (saline), *n* = 9 (control CPCs), *n* = 9 (7‐day), *n* = 7 (14‐day) for **(F)** and **(G)**. Data are presented as mean ± SD. \*, *p* ≤ .05 vs. saline; \#, *p* ≤ .05 vs control CPC. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs; PAB, pulmonary artery banding; RV, right ventricle.](STEM-37-1528-g001){#stem3088-fig-0001}

Electrical Stimulation Improves CPC Myocardial Retention {#stem3088-sec-0025}
--------------------------------------------------------

To test the ability of CPCs to be retained in the myocardium, control and ES‐CPCs were labeled with DiR prior to injection and fluorescence was tracked in vivo. ES‐CPCs were retained at significantly higher amounts in the RV myocardium compared with control CPCs (Fig. [2](#stem3088-fig-0002){ref-type="fig"}A and B). Heart sections from PAB rats receiving ES‐CPCs were probed with anti‐Ku86 antibody to detect human cells. ES‐CPCs were spread over areas of the RV free wall in the outermost layer of tissue or the epicardium (Fig. [2](#stem3088-fig-0002){ref-type="fig"}C and Supporting Information Figure [S5](#stem3088-supitem-0005){ref-type="supplementary-material"}). Cells were not localized in a bolus as could be expected after injection, indicating that these cells are able to migrate to specific regions in the heart after delivery. Together, these data indicate that ES of human CPCs improves their therapeutic effect and increases their retention in the failing myocardium. Of note, no significant difference was observed regarding improvements in RV function, structure, or CPC retention between 7‐ and 14‐day ES‐CPCs. Therefore, we continued with the time point of 7‐day ES‐CPCs for further analysis.

![ES significantly improves the retention of CPCs in PAB hearts. **(A):** Representative in vivo DiR fluorescence images of rats injected with control or 7‐ or 14‐day ES‐CPCs. **(B):** Summary time course of fluorescence in PAB rats injected with DiR‐labeled CPCs. Values are normalized to day 0 fluorescence values and plotted as percentage. *n* = 9 (control CPCs), *n* = 9 (7‐day), *n* = 7 (14‐day). Data are presented as mean ± SD. \*, *p* ≤ .05 vs. control CPCs. **(C):** Representative immunohistochemical staining images of heart sections from PAB rats injected with 7‐day ES‐CPCs. Images were acquired at 10× (top) and 20× (bottom). Dashed box in 10× represents 20× scan area. See also Supporting Information Figure [S5](#stem3088-supitem-0005){ref-type="supplementary-material"}. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs; PAB, pulmonary artery banding.](STEM-37-1528-g002){#stem3088-fig-0002}

ES Induces Upregulation of Key Extracellular Matrix and Adhesion Molecule Genes in CPCs {#stem3088-sec-0026}
---------------------------------------------------------------------------------------

To begin dissecting the mechanism of increased ES‐CPC retention in RV myocardium, we performed gene analysis on ES‐CPCs using an initial mRNA array of 84 extracellular matrix and adhesion molecules. Analysis of these data show that of the 84 genes assayed, 60 of them were upregulated, whereas only 9 were downregulated and 15 unchanged. The top five upregulated and downregulated genes are shown in Figure [3](#stem3088-fig-0003){ref-type="fig"} along with the scatter plot comparing the normalized expression of all 84 genes. Real‐time PCR analysis verified that *HAS1*, *COL14A1*, *ITGB5*, *THBS3*, and *MMP14* transcripts were significantly upregulated in ES‐CPCs compared with control CPCs. Together, these data suggest that ES increases the gene expression of many key extracellular matrix and adhesion molecules in CPCs.

![ES induces upregulation of extracellular matrix and cell adhesion genes in CPCs. **(A):** Scatter plot of gene array data from control and 7‐day ES‐CPCs showing upregulated (green), downregulated (red), and below threshold (black) genes between control and ES‐CPCs. Dashed lines indicate ±two fold regulation threshold, and the solid line is unchanged gene expression. The top five upregulated and downregulated genes are shown in the inset table. **(B):** Summary qRT‐PCR data of the fold change versus control of top five upregulated genes in ES‐CPCs from the gene array data. *N* = 3. Data are presented as mean ± SD. \*, *p* ≤ .05 versus control. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs; qRT‐PCR, quantitative real‐time polymerase chain reaction.](STEM-37-1528-g003){#stem3088-fig-0003}

ES Induces Upregulation of Integrin Proteins in CPCs {#stem3088-sec-0027}
----------------------------------------------------

We next sought to examine and verify changes in integrin protein expression levels. We assayed the protein expression levels of common alpha and beta integrins by ELISA (Fig. [4](#stem3088-fig-0004){ref-type="fig"}). We found α5, αV, β1, β 4, and αVβ5 protein levels significantly upregulated in ES‐CPCs compared with control. Integrin α1 was significantly downregulated in ES‐CPCs compared with control. Of note, the gene expression levels for all five of the proteins were also found to be significantly upregulated by gene array (see Fig. [3](#stem3088-fig-0003){ref-type="fig"}), with *ITGB5* (αVβ5 protein) being one of the top five upregulated genes. These data indicate that ES induces upregulation of multiple integrin proteins expression that may contribute to the retention of ES‐CPCs.

![ES induces upregulation of integrin protein expression in CPCs. Summary graphs of alpha (left) and beta (right) integrin protein expression from control and ES‐CPCs as quantified by colorimetric α/β integrin mediated cell adhesion array. *n* = 6. Data are presented as mean ± SD. \*, *p* ≤ .05 versus control. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs.](STEM-37-1528-g004){#stem3088-fig-0004}

β1 and β5 Integrins Contribute to the Increased Retention of ES‐CPCs {#stem3088-sec-0028}
--------------------------------------------------------------------

We next aimed to determine if the upregulation of specific integrin proteins contributed to the increased retention of ES‐CPCs. We chose to examine the effect of β1 and β5 integrins on the in vivo retention of ES‐CPCs because these were the two most upregulated integrins in response to ES (Fig. [4](#stem3088-fig-0004){ref-type="fig"} **)**. We transduced CPCs with either β1‐ or β5‐shRNA lentiviral vectors to inhibit expression of these integrins and then subjected the cells to our ES protocol for 7 days. The β1‐shRNA transduced ES‐CPCs (β1‐ES‐CPCs) and the β5‐shRNA transduced ES‐CPCs (β5‐ES‐CPCs) showed corresponding reductions integrin RNA and protein levels (Fig. [5](#stem3088-fig-0005){ref-type="fig"}A‐D). These cells were labeled with DiR, injected into the RV of PAB rats, and fluorescence was tracked in vivo. ES‐CPCs exhibited significantly lower retention in the heart compared with control CPCs (Fig. [5](#stem3088-fig-0005){ref-type="fig"}E and F). We did not observe significant differences in the retention between β1‐ES‐CPCs and β5‐ES‐CPCs. These data suggest that the increased retention of ES‐CPCs in the rat heart is in part due to the upregulation of integrins β1 and β5.

![Upregulation of β1 and β5 integrins contribute to the increased retention of ES‐CPCs. Summary graphs of **(A)** RT‐PCR data and **(B)** protein expression array data from control CPCs and ES‐CPCs transduced with β1 integrin shRNA (β1‐ES‐CPC) or β5 integrin shRNA (β5‐ES‐CPC) lentiviral vectors. **(C):** Representative in vivo DiR fluorescence images of rats injected with control or β1‐ES‐CPCs or β5‐ES‐CPCs. **(D):** Summary time course of fluorescence in PAB rats injected with DiR‐labeled CPCs. Values are normalized to day 0 fluorescence values and plotted as percentage. *n* = 4--6. Data are presented as mean ± SD. \**p* ≤ .05 versus control. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs; PAB, pulmonary artery banding; RT‐PCR, real‐time polymerase chain reaction.](STEM-37-1528-g005){#stem3088-fig-0005}

Survival and Adhesion {#stem3088-sec-0029}
---------------------

Previous studies have reported a pro‐survival effect of ES on CPCs from mice [35](#stem3088-bib-0035){ref-type="ref"}. We hypothesized that the increased retention of ES‐CPCs we observed in vivo could be due to increased survival of ES‐CPCs compared with control CPCs. Furthermore, our data indicated that increased extracellular adhesion protein expression could be contributing to the increased in vivo retention of ES‐CPCs. To examine the pro‐survival and pro‐adhesive effects of ES on human CPCs, we performed survival and adhesion assays under various conditions using control and ES‐CPCs. Control and ES‐CPCs were assayed for survival and adherence under control conditions, after passage through a 27‐gauge needle, or after exposure to 300 M H~2~O~2~ for 5 hours. We chose these conditions because the cells were injected into PAB rats with a 27‐gauge needle, and the H~2~O~2~ will induce cytotoxicity in cells as the harsh environment of a failing or ischemic heart might [35](#stem3088-bib-0035){ref-type="ref"}. Although passage through a needle and H~2~O~2~ treatment reduced survival of CPCs, we did not observe a significant protective effect after needle passage in the ES‐CPCs. We did see significantly higher survival rates of ES‐CPCs compared with control after H~2~O~2~ treatment (Fig. [6](#stem3088-fig-0006){ref-type="fig"}A and B). Passage through a needle and H~2~O~2~ treatment also reduced adhesion of control CPCs; however, significantly higher levels of cell adhesion were seen under all three conditions with ES‐CPCs (Fig. [6](#stem3088-fig-0006){ref-type="fig"}C). In addition, there was no significant effect on the number of adherent ES‐CPCs for the three conditions tested (control vs. needle vs. H~2~O~2~; *p* = .227). These data suggest that the increased adhesive properties of ES‐CPCs are responsible for increased in vivo retention to a greater extent than the pro‐survival effect of ES.

![ES increases survival and adhesion of CPCs. **(A):** Representative immunocytochemical staining images of control and ES‐CPCs under control conditions, after passage through a 27‐gauge needle, or after 5 hours of treatment with 300 μM H~2~O~2~. Cells were stained with calcein (green) and ethidium homodimer‐1 (red) to quantify live and dead cells under the various conditions. **(B):** Summary graph of live cell quantification from control (white) and ES‐CPCs (blue) under the conditions show in **(A)**. *n* = 4. **(C):** Summary adherence data from control (white) and ES‐CPCs (gray) under the conditions shown in **(A)** and quantified in a separate assay. *n* = 5. Data are presented as mean ± SD. \**p* ≤ .05 vs. control, \#*p* ≤ .05 versus untreated. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs.](STEM-37-1528-g006){#stem3088-fig-0006}

ES Increases Secretion of Pro‐Reparative Molecules from CPCs {#stem3088-sec-0030}
------------------------------------------------------------

Recent studies have suggested that the mechanism of stem cell‐mediated repair of the heart is through an indirect paracrine effect such as the release of reparative factors [36](#stem3088-bib-0036){ref-type="ref"}, [37](#stem3088-bib-0037){ref-type="ref"}, [38](#stem3088-bib-0038){ref-type="ref"}, [39](#stem3088-bib-0039){ref-type="ref"}, [40](#stem3088-bib-0040){ref-type="ref"}.

Therefore, we assessed the release of key soluble proteins by control and ES‐CPCs. As shown in Figure [7](#stem3088-fig-0007){ref-type="fig"}, analysis of secreted analytes shows significantly increased release of Ang, FGF, IL‐2, VEGF, and HGF in ES‐CPCs compared with control. Additionally, MMP‐9, a reported negative inotrope, was significantly decreased with ES [41](#stem3088-bib-0041){ref-type="ref"} consistent with our gene array data (see Fig. [4](#stem3088-fig-0004){ref-type="fig"}). Previous work has shown neonatal CPCs to be the most effective at restoring RV function after PAB. These CPCs come from patients between 1 week and 1 month of age and have been hypothesized to exert their effects through a paracrine mechanism. As such, we compared the levels of key soluble proteins from neonatal CPCs with ES‐CPCs (Fig. [7](#stem3088-fig-0007){ref-type="fig"}). Interestingly, we observed the release profile of ES‐CPCs to be more similar to neonatal CPCs than the control CPCs were. ES‐CPCs released similar levels of VEGF as neonatal CPCs and had release levels of angiogenin and FGF that were approaching those of neonatal CPCs. These data indicate that ES increases the release of pro‐reparative molecules from CPCs and provide insight into the mechanism of in vivo action of ES‐CPCs.

![ES induces release of key paracrine factors from CPCs. Summary graphs of data from custom Luminex multiplex immunoassays of levels of select analytes released from control (white) and ES‐CPCs (blue). *n* = 5. Data are presented as mean ± SD. \**p* ≤ .05 versus control. Abbreviations: CPCs, cardiac‐derived c‐kit^+^ progenitor cells; ES‐CPCs, electrically stimulated CPCs.](STEM-37-1528-g007){#stem3088-fig-0007}

Discussion {#stem3088-sec-0031}
==========

The emergence of cardiovascular regenerative medicine as a potential therapeutic strategy for HF or myocardial infarction has provided new avenues for treatment with a focus on replacing or regenerating the damaged myocardium to restore normal cardiac function. Our results indicate that ES‐CPCs have a greater reparative effect on the failing RV than control CPCs. Interestingly, our results revealed that ES significantly enhances the in vivo retention of CPCs compared with unstimulated cells. We found ES‐CPCs to be primarily localized to the epicardial layer of hearts at 42 days post‐injection and spread over the surface of the RV free wall. ES induced the expression of extracellular matrix and adhesion molecules, and we found the increased in vivo retention of ES‐CPCs is in part due to the upregulation of integrins β1 and β5. Finally, we found the release of several key pro‐reparative analytes to be increased in ES‐CPCs, which may have a role in the enhanced functional improvement of RV function. Taken together, these results provide a novel method for enhancing the therapeutic effect of human CPCs for the treatment of cardiac pathologies.

Not only can our results be used to enhance future therapies with pediatric CPCs but the results could also be extrapolated to adult cells or to other stem cell types to enhance their reparative efficacy. Additionally, banking pediatric CPCs before or after ES will allow for an "off‐the‐shelf" allogeneic treatment for a broad range of cardiac pathologies. Allogeneic cardiac stem cell trials including ALLSTAR, DYNAMIC, POSEIDON‐DCM, ALPHA, and CAREMI have illustrated the effectiveness and safety of allogeneic cardiac stem cells including CPCs in humans [42](#stem3088-bib-0042){ref-type="ref"}, [43](#stem3088-bib-0043){ref-type="ref"}, [44](#stem3088-bib-0044){ref-type="ref"} with allogeneic cells performing better than autologous in some studies [45](#stem3088-bib-0045){ref-type="ref"}. Importantly, many studies have shown that allogeneic CPCs do not elicit an immune response [46](#stem3088-bib-0046){ref-type="ref"}, [47](#stem3088-bib-0047){ref-type="ref"}, [48](#stem3088-bib-0048){ref-type="ref"}, [49](#stem3088-bib-0049){ref-type="ref"}. Additionally, our results are not limited to RV failure, as the in vivo mechanisms indicated by our data suggest that this may be a broader therapy for other cardiac indications including LV failure and myocardial infarction. Although we do show enhanced release of key analytes such as growth factors and modulators of the immune response, it is not clear from our results whether ES‐CPCs are more reparative than control CPCs or if the functional effects we report are simply due to more cells being retained after injection. Previous work has shown neonatal CPCs to be the most effective at restoring RV function after PAB. These CPCs come from patients between 1 week and 1 month of age and have been hypothesized to exert their effects through a paracrine mechanism. Our data do indicate that ES can cause pediatric CPCs to release key soluble factors at levels similar to that of neonatal CPCs. Therefore, addressing the mechanism behind the improved reparative efficacy and the mechanism of action of ES‐CPCs warrants further examination.

We obtained many interesting results from our extracellular matrix and adhesion molecule gene array analysis, many of which were corroborated by further investigation. The upregulation of multiple integrins was observed and confirmed by protein expression analysis. Of note, integrin β5 was found to be highly upregulated at the gene and protein levels and has been shown to be expressed on angiogenic endothelial cells and improve the reparative functions of endothelial progenitors within the cardiovascular system [50](#stem3088-bib-0050){ref-type="ref"}. Integrin β5 has also been implicated in tissue angiogenesis and migration of tumor cells [51](#stem3088-bib-0051){ref-type="ref"}. We also found integrin β1 to be upregulated at both the gene and protein levels. Integrin β1 has been shown to bind to fibronectin in vivo, and we reported that culturing CPCs on fibronectin is optimal for their VEGF A secretion, proliferation, connexin43 expression, and alignment [52](#stem3088-bib-0052){ref-type="ref"}. Interestingly, fibronectin was also shown to induce proliferation and protection of CPCs in vivo and in vitro via β1 integrin‐mediated signaling [53](#stem3088-bib-0053){ref-type="ref"}. Integrin β1 has also been shown to be an essential stem cell niche molecule which cooperates with FGF to activate stem cell growth [54](#stem3088-bib-0054){ref-type="ref"}. We found increased levels of FGF release from ES‐CPCs compared with control cells, which may activate endogenous stem cell growth after cell injection and contribute to the increased functional effect of ES‐CPCs. We also observed increased HGF release, which has been implicated in cardiac regeneration and CPC activation [55](#stem3088-bib-0055){ref-type="ref"}, decreased MMP‐9 release, which has a negative effect on heart contractility [41](#stem3088-bib-0041){ref-type="ref"}, and increased angiogenin release, which has been shown to increase angiogenesis and improve LV function in myocardial infarction rat models [37](#stem3088-bib-0037){ref-type="ref"}, [56](#stem3088-bib-0056){ref-type="ref"}, [57](#stem3088-bib-0057){ref-type="ref"}. The release of pro‐angiogenic factors and localization to the epicardial layer in vivo suggest that ES may induce CPCs to differentiate toward an endothelial phenotype. However, despite upregulation of *VCAM* and *ICAM* gene expression via our gene array profiling, we did not detect PECAM expression via immunohistochemical staining of PAB heart slices nor was *PECAM* upregulated via gene array.

We have previously shown that ES induces oscillations in both cytosolic and nuclear Ca^2+^ in pediatric CPCs [27](#stem3088-bib-0027){ref-type="ref"}. We hypothesize that it is likely that this activation of Ca^2+^ signaling is the cause of the substantial changes in gene expression we observe in ES‐CPCs. Although not tested directly here, we envision that other activators of increased intracellular calcium may have the same effect as ES, and perhaps a more efficient way to activate the changes in gene expression can be found such as a more direct agonist of the activated Ca^2+^‐dependent signaling cascades or higher frequency ES. In general, many other "stress" environments, such as hypoxia and heat shock, have shown positive benefits to cardiac stem cell function [40](#stem3088-bib-0040){ref-type="ref"}, [58](#stem3088-bib-0058){ref-type="ref"}, [59](#stem3088-bib-0059){ref-type="ref"}. Thus, it appears that many stressors may activate a pro‐reparative gene expression profile in c‐kit^+^ progenitor cells. It is also possible that treatment in these stress environments allow only the most healthy cells to survive. Selecting for only the most vigorous cells to be injected skews the in vivo data toward higher levels of retention and survival for the treatment groups. Although this is possible, our data indicate that the increased expression of adhesion molecules also contribute to the increased retention of ES‐CPCs, specifically through β1 and β5 integrins. Additionally, improved ES‐CPC retention may also be partly explained by our observation of significantly increased release of MMP9 and bFGF, factors that have been shown to promote cell engraftment and cell survival [60](#stem3088-bib-0060){ref-type="ref"}, [61](#stem3088-bib-0061){ref-type="ref"}. Further studies are required to determine the exact effect of the various ex vivo modifications on in vivo CPC function.

Conclusion {#stem3088-sec-0032}
==========

Together, these results reveal a potential method for improving the retention and function of cardiac stem cells. Our data indicate that ES improves CPC function, retention, and survival. We also provide insights into the mechanism of increased retention of ES‐CPCs that has implications on a variety of stem cells and stem cell therapies. Future studies on the in vivo differentiation and function, such as release of paracrine factors including exosomes, of ES‐CPCs will provide further insights into the mechanism of the enhanced reparative ability of these cells.
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**Supplemental Figure S1: Flow cytometry characterization of pediatric CPCs.** (A) Summary graph of flow cytometry data showing expression of various cellular markers on isolated and expanded pediatric CPCs. (B) Average fold expression (2^‐ΔCT^) of endothelial cell genes in pediatric CPCs. (C) Average fold expression change (2^‐ΔΔCT^) of genes in control CPCs (white), ES‐CPCs (blue), or CPCs electrically stimulated in Ca^2+^‐free media (yellow). *n* = 5--12. Data are presented as mean ± SD. \*p ≤ .05 vs. control.

###### 

Click here for additional data file.

###### 

**Supplemental Figure S2: ES induces CPCs to exit cell cycle**. (A) Representative immunocytochemical staining images of control and ES‐CPCs. Cells were stained with anti‐Ki67 (green) and DAPI (blue) and imaged at 40x. (B) Summary graph of immunocytochemical data and flow cytometry data. *n* = 5. Data are presented as mean ± SD. \*p ≤ .05 vs. control.

###### 

Click here for additional data file.

###### 

**Supplemental Figure S3: Calcium handling in 7‐ and 14‐day ES‐CPCs.** (A + B) Intracellular calcium transients were recorded from control and 7‐ and 14‐day ES‐CPCs. Control CPCs were cultured for either 7 or 14 days in calcium supplemented media. The amplitude (Δ−/−~0~; A) and frequency (transients/minute; B) of oscillations at 0.5 and 1.0 Hz are summarized in the bar graphs. No significance was found by Student\'s ?‐test. ? = 14--22 cells from 4 different pools of cells for all measurements.

###### 

Click here for additional data file.

###### 

**Supplemental Figure S4: TUNEL staining in heart sections from PAB rats after various treatments.** Representative images of TUNEL‐stained heart slices from sham‐operated animals, PAB animals treated with saline, PAB animals treated with control CPCs, and PAB animals treated with ES‐CPCs. Summary graph of immuohistochemical data is shown. *n* = 10 slices, 3 animals per group. Data are presented as mean ± SD.

###### 

Click here for additional data file.

###### 

**Supplemental Figure S5: Additional immunohistochemical staining of heart sections from PAB rats injected with control CPCs and 7‐day ES‐CPCs.** Representative immunohistochemical staining images of heart sections from PAB rats injected with 7‐day ES‐CPCs (A and B) or control CPCs (C). Images were acquired at day 42 after injection with ES‐CPCs and at day 21 after injection with control CPCs at 10x (top) and 20x (bottom). Dashed box in 10x represents 20x scan area.

###### 

Click here for additional data file.
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